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SUMMARY 

A computer program t o  predict the thermal history of spacecraft i n  
orbit has been developed by Midwest Research Ins t i tu te  for the National Aero- 
nautics and Space Administration's Manned Spacecraft Center. The objective of 
the project was t o  develop an analytical too l  t o  determine impinging radiation 
heat loads and/or transient temperatures of vehicles!?/ orbiting the moon, earth, 
or any other planet, except Pluto. 

b e  of the unique features of the program is the ab i l i ty  t o  ccarrpen- 
sate  for surface temperature gradients of the ce les t ia l  body being orbited, 
thereby mking  the program especially applicable t o  Project Apollo and other 
moon programs. 

Spinning, planet-oriented, or sun-oriented vehicles can be evaluated. 
Up t o  200 surface elements having various canbinations of eight coatings and 
substrates can be analyzed i n  each case. Material thermophysical properties 
may be constant or temperature-dependent . 

The primary consideration in selecting ce les t ia l  coordinate systems 
fo r  t h i s  program was that they should be compatible with available astronomical 
references so as t o  minimize input data compilation time and effor t  by the 
user. 
peratures are based on fundamental heat transfer theory. 

Methods far determining impinging heat loads and transient surface t e m -  

Nimerical techniques for  integrating the general thermal different ia l  
equation are optimized with respect t o  accuracy and computation t i m e .  
contribution of the numerical analysis was the discovery and elimination of a 
significant error  arising from the misapplication of integration techniques 
employed i n  some previous studies. 

A major 

This i n i t i a l  project did not consider heat exchange between surface 
elements; hmever, the program can be expanded t o  be cmpatible with existing 
heat conduction programs. Skograxmuing has been done i n  FmTRAN t o  f ac i l i t a t e  
such modifications. 

The term "vehicle" is  used t o  denote a l l  manned and unmanned sa te l l i t es ,  
spacecraft, and other objects i n  orbit. 

- 1 -  



Hundreds of hypothetical t es t  cases were run t o  check out specific 
routines and functions as well as t o  evaluate the over-all program. The Lunar 
Excursion Module moon voyage, being planned for the l a t e  1960's, w a s  simulated 
on the computer. 
t o  a c c m t  for the moon's surface temperature gradients. T h i s  feature e W n -  
ated large errors i n  determining lunar thennal emission and resulted i n  im- 
proved vehicle temperature predictions, i n  one case by t100OR. Simulated runs 
gave time-temperature curves that  closely approximated the actual curves of the 
Explarer and Vanguard sateUltes;  for example, the equilibrium temperature of 
the l a t t e r  was estimated t o  within 4"R of the measured value. 

The results confirmed the importance of the program's ab i l i t y  

- 2  - 



UST OF SYMBOIS 

A 

a 

b 

C 

D 

DEC 

E 

En 

e 

t , n  

t , a  

e 

e 

F 

G 

B 

h 

i 

Mp 
P 

- Area 

- Semimajar axis of e l l ipse 

- Semiminor axis of ell ipse 

- Specific heat 

- Distance between the center and focus of an el l ipse 

- Distance between orbiting vehicle and center of planet 

- Declination (latitude of sun w - r . t -  Xc, Yc, 2, 

- Eccentric anomaly 

- Total error due t o  numerical integration 

- Eccentricity of ell ipse 

- One-step truncation errof 

- Accumulated truncation error over steps 1 t o  n-1 

- Accumulated round-off error over n steps 

- Radiation configuration factor 

- Gravitational constant 

- Altitude 

- Thickness of vehicle skin 

- Inclination of orbit plane 

- Mass of planet 

- Period (time t o  complete one orbi t )  

- Internal heat generation 

- Heat flux 

axes) 
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R 

RA 

r 

S 

T 

P 

Tm 

TP 

t 

v 

- Reflectivity constant (albedo) 

- Right ascension (longitude of sun w.r.t .  Xc, Ye, Z, 

- Radius of planet 

- Solar constant 

- Temperature 

- M i n W  planet temperature (dark side of planet) 

- Average planet temperature 

- Time 

- Volume 

axes) 

X,Y,Z - Coordinate axes 

- Angle between planet-sun l ine and Xp axis 

- Absorptivity of vehicle material w .r .t. planet-emitted radiation 

- Absorptivity of vehicle materia1w.r.t. solar radiation 

- Angle between planet-sun line and Zp axis 

- Angle between planet-sun line and Yp axis 

- Angle between vehicle-sun line and vehicle-vehicle element l ine  

- Angle between vehicle element-vehicle line and vehicle-planet l ine 

- Emissivity of vehicle material 

- &le between sun-planet line and planet-vehicle l ine 

- &le between $ axis and projection of vehicle-vehicle element 
l ine  on X, , Yv plane 

- Angle between Xv axis and projection of sun-vehicle l ine on G, 
Yv plane 

- Density 
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% - Angle between 5 axis and projection of sun-planet l ine  on 
Yp Plane 

- Stefan-Boltzmann constant 

- Vernal equinax (an intersection of ear th 's  equator and the ec l ip t ic )  

- hue anomaly 

- Integration step-size as specified i n  input data. Program may choose 
t o  use a smaller increment. 

- Value of 6 where vehicle passes into the planet's shadow 

- Value of 6 where vehicle passes out of the planet's shadm 

- Angle between vehicle-planet-sun plane and vehicle element-vehicle- 
planet pLane 

- Longitude of ascending node 

- Angle between Zv axis and vehicle-vehicle element line 

- Angle between 

- Autumnal equinox (an intersection of earth 's  equator and the ec l ip t i c )  

- Argument of perifocus 

axis and sun-vehicle l i ne  

Subscripts 

C - Celestial 

e - Emitting bcdy 

0 - I n i t i a l  condition 

P - Planet 

r - Receiving body 

S - sun 
V - Vehicle 
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I. I ~ O D U C T I O N  

Thermal radiation and temperature play an impartant role  i n  the de- 
velopment of spacecraft and the i r  components. A computer program t o  predict 
these variables continuously as  a vehicled orbits a celest ia l  body has been 
developed by Midwest Research Insti tute (MRI) for  the National Aeronautics and 
Space Administration's Manned Spacecraft Center (NASA MSC). This  program w i l l  
a ss i s t  thermal and structural  engineers i n  analyzing actual and hypothetical 
spacecraft and missions. 

A survey of the l i terature  w a s  conducted before in i t ia t ing  work on 
t h i s  project. 
plif ied,  too specialized, or did not f u l f i l l  unique WlSA MSC requirements. 

The search revealed that existing methods were either too sim- 

Gne important criterion not included i n  previous approaches is the 
consideration of the effects of p l a n e d  surface temperature gradients on 
spacecraft heating. Surface temperature variations of claud-covered planets 
are re la t ively small and unpredictable, thus their  neglect i n  analyses of earth 
sa t e l l i t e s  i s  acceptable. Q the other hand, temperature gradients on some 
planets a re  large and should not be neglected. The program developed under 
this contract i s  t o  be applicable t o  Project Apollo; therefore, it incorpar- 
ate6 themytha t  a c c m t s  for  the extreme surface temperature variations of 
the moon, as well as other nonuniformly radiating bodies. 

While none of the available methods could be used "off the shelf," 
it was deemed that one of these, an A i r  Force computer program,d could be re-  
vised and expanded t o  f u l f i l l  NASA MSC requirements. 
February 1963 t o  develop the theory and t o  perform the necessary modifications 
t o  the existing A i r  Force program. 

MRI was contracted i n  

The over-all objective of the project was t o  develop an operable 
IBM 7094 FCRTRAN program t o  determine impinging solar, planetary, and a l b e d d  

9 The term vehicle i s  used t o  denote a l l  manned and unmanned sa te l l i t es ,  
spacecraft, and other objects i n  orbi t .  

The term planet i n  th i s  report refers t o  the ce les t ia l  body being orbited, 
whether it be the moon, the  earth, or another planet. 

The A i r  Force p r o g r d  was directed by M r .  Harold L. Finch, who i s  now a 
s ta f f  member of Midwest Research Ins t i tu te  and is  Project Leader of the 
program described i n  this report. 

a planet and its atmosphere. 
Albedo is  considered i n  this report t o  be solar heat that is reflected frm 
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heat fluxes and/or temperatures of spinning vehicles or of a large number of 
infinitesimal surface elements of a vehicle that i s  planet- or sun-oriented.4 
Internal conduction is  neglected i n  t h i s  i n i t i a l  study. 
capable of analyzing orbi ts  about a l l  planets except P lu to ,g  special  emphasis 
has been placed on problems associated with lunar missions. 

While the program i s  

The t ransi t ion from the existing A i r  Force program t o  a program that  
meets the above objectives was accomplished by performing the following steps: 

1. The existing program was checked out and inoperable routines 
were debugged on the 7094 computer. 

2. The slow orbit-shadow intersection routine was replaced by an 
improved numerical method. 

3. The programwas reorganized in to  a p i lo t  routine and a number of 
basic subroutines t o  f ac i l i t a t e  debugging, recompiling, and program modifica- 
tions. 

4. A theory t o  account for planet surface temperature extremes wa6 
developed and programmed. 

5. The program was expanded t o  include planet- and sun-oriented 
vehicles. 

6. The program was written t o  analyze up t o  200 specific points on 
The points are assumed t o  be thermally insulated from the oriented vehicles. 

surrounding surface. 

7. The input routine was made t o  accept s t a n d a r d  NASA decks of 
temperature-dependent material properties. 

8. The programwas developed t o  analyze internal  heat as  a function 
Up t o  10 duty cycles per orbit are allowed. of t i m e .  

have different internal heating cycles. 
Different elements may 

4 An object is  planet-oriented i f  the l i n e  connecting the vehicle and planet 
centers passes through the same vehicle surface element for  a l l  positions 
i n  the orbit  path. Similarly an object is  sun-oriented i f  the vehicle- 
sun l ine  passes through the same surface element a t  a l l  t i m e s .  

Pluto orbi ts  could be analyzed i f  sufficient planetary data were available. 
Standard NASA deck refers  t o  material decks using a format developed by the 

NASA MSC Thermal Analysis Section. 
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9. Standard data (e .g . , astronomical planet data ) were incorporated 
into the program body t o  f ac i l i t a t e  preparation of input data. 

10. The input routine was written so that  parametric studies can be 
made with a minimum amount of data preparation i n  successive cases. 

U. Output options of printing temperatures and/or impinging heats 
were provided. 

12. Numerous minor improvements were incorporated in to  the program. 

13. Check cases t o  t e s t  the program logic and theory were devised 
and run. 

Sections 11, 111, and I V  of this f i n a l  report contain the fundamen- 

A description of the program and 
t a l  ce les t ia l  mechanics, heat transfer, and numerical analysis theories that  
are incaporated into the ccrnputer program. 
i ts  use is given i n  Section V. 

A hypothetical Imar Excursion Module orbit  and actual Explorer and 

Recommendations for  further applica- 
Vanguard missions were run on the ccanputer. 
summrized and discussed i n  Section V I .  
t ions of the program are given i n  Section V I I .  

The results of these cases are 

Complete derivations of equations used i n  Sections I1 and I11 are 
A discussion of practical  numerical inte- included i n  Appendices A and B. 

gration step-sizes i s  given i n  Appendix C. 

A User's Manual giving a detailed description of the  computer pro- 
gram and explanations of input date for  sample cases supplements the f i n a l  
report. 

11. CELESTIAL MECHANICS THECRY: COCWDINATE SYSTEMS 

Three questions must be considered before vehicle heat loads can be 
determined : 

1. What i s  the location of each vehicle surface element being ana- 
lyzed? T h i s  question i s  not applicable t o  spinning sa t e l l i t e s .  

- 8 -  



2. \&ere is  the vehicle with respect t o  the planet being orbited? 

3. What is  the ce les t ia l  location of the vehicle? 

The required answers can be obtained i n  terms of vehicle, planet, and 
ce les t ia l  coordinates. 
port by the fol lming notation: 

These three systems are identified throughout the re-  

Vehicle coordinates - Xv, yV, Zv 

- 5, 5, 5 Planet coordinates 

Celestial coordinates - Xc, Ye, 2, 

These three coordinate systems are surmnarized i n  the table a t  the end of t h i s  
section and are described i n  de t a i l  below. 

A.  Vehicle Coordinates 

It is assumed that the period of rotation of a spinning vehicle is  
considerably less than that  of individual heat fluxes; i n  other words, it i s  
spinning f a s t  enough that impinging thermal radiation is  uniformly distributed 
Over the vehicle surface. Consequently, no distinction between surface ele- 
ments i s  required and q, q, Zv coordinates are  not applicable. 

On the other hand, the incident heat flux on an oriented vehicle can 
vary considerably from one surface yosition t o  another. For example, element 
No. 1 on the planet-oriented vehicle shown i n  Fig. l a  receives heat emitted by 
the planet while element No. 2 does not. Consequently, a system t o  answer the 
f irst  question (what i s  the location of each element being analyzed?) is re- 
quired for the thermal analysis of oriented spacecraft. 

Vehicle coordinates tha t  are meaningful t o  the program user w i U  be 
i l lus t ra ted  for  the vehicle i n  Fig. la. 
replaced with a spherical mathematical model as shown i n  Fig. lb and surface 
elements, Nos. I' and 2 '  on the sphere are selected s o  that they have the same 
space orientations as the corresponding vehicle elements, Nos. 1 and 2. 

The complex configuration is first 

- 9 -  



If the orbiting body i s  planet-oriented, surface positions on the  
sphere are defined with respect t o  the coordinate system i l l u s t r a t ed  i n  the 
schematic, Fig. IC. The origin i s  a t  the sphere's center and the axis i s  
directed toward the planet 's  center of mass. The Z, axis i s  normal t o  the 
orb i t  plane and the  Y, axis is  a t  r igh t  angles t o  the X, axis i n  the orbi t  
plane i n  8 direction such that h, Yv and 2& form a right-handed coordinate 
system. Surface elements are defined by the angles p,' and Q', as shown i n  
Figs. IC and Id.  The angle A '  i s  measured from the  axis t o  the ele- 
ment's projection on the  X,, yV 
the  

plane (0' s A '  < 360"); Q' i s  measured from 
Z, axis t o  the element (Oo s L?' I; 180'). 

If the orbiting body is  sun-oriented, surface points or features are 
located with respect t o  the system shown i n  Fig. Id. 
the sphere's center, but the 
i s  i n  the  orbi t  plane and the  Z, axis completes the orthogonal system. 
face elements are described by the coordinates, A '  and Q' as before. 

The ar igin is again a t  
axis is  directed toward the s-m. The Y, axis 

Sur- 

TYPICAL VEHICLE 

MATHEMATICAL MODEL (PLANET - ORIENTED) 

MATHEMATICAL MODEL OF TYPICAL VEHICLE 

I - .  --- - 
MATHEMATICAL MODEL (SUN - ORIENTED) 

Fig. 1 - Vehicle Coordinate System f o r  a Typical Spacecraft 
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B. Planet Coorl inates 

Before computing the  impinging heat loads emitted or ref lected by 
the  planet, the second question (where i s  the vehicle with respect t o  the 
planet being orbited?) must be answered. The orbi t  and planet sham in Figs. 
2a and 2b are the same; however, the l a t t e r  shows the  orbi t  rotated in to  the 
plane of the page. Superimposing the X p  and Yp axes (planet coordinates) 
onto the  orb i t  plane simplifies the equations of motion by reducing the prob- 
l e m  from three dimensions t o  two. The position of the vehicle can be defined 
In  this system by polar or Cartesian coordinates. 

The polar coordinates of a point on the  orbi t  a re  the t rue  anomaly, 
6 , and the distance from principal focus or center of force t o  the  vehicle, 
D . The distance i s  given by 

(1 1 D = a(1-e cos E )  

SPINNING 

I 

i 
b 

SUN - ORIENTED 

'XP 

Fig. 2 - Planet Coordinate Systems for  Spinning and Oriented Vehicles 
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where a is the  semimajar axis, e is  the orb i t ' s  eccentricity, and E is 
the  eccentric anomaly. These variables are  formulated as 

a a 

E = 2 tan'' I<... .@)(?)I (3 1 

where b i s  the semimajor axis and c is the distance between the ellipse's 
center and focus. 

The Cartesian coordinates of a point on the orbi t  are  Xp and Yp 
and are expressed as 

Xp = a(cos E-e) (4 1 

1 
= a(l-e')Z s i n  E 

yP 

Vehicle coordinates for  a planet-oriented orbiting body superimposed 
on the planet coordinate system axe shown i n  Fig. 2c. As the vehicle makes one 
counterclockwise revolution about the planet, the &-l& axes similarly ro ta te  
about the 2, a x i s .  

Vehicle and planet coordinates a re  i l lus t ra ted  for sun-oriented 
s a t e l l i t e s  i n  Fig. 2d. The Xv-Yv plane is  generally not i n  the Xp-Yp plane 
since & is directed toward the su. These vehicle coordinates have a fixed 
orientation i n  space (assuming the planet is stationary with respect t o  the sun, 
which is essent ia l ly  t rue during the time it takes t o  cmplete several orbi ts) .  

C. Celestial  Coordinates 

I n  order t o  determine the sun's contribution t o  spacecraft heating, 
the th i rd  question (what i s  the celest ia l  location of the vehicle?) w i l l  be 
answered with respect t o  ce les t ia l  coordinates 
astronmical terms, ec l ip t i c  and vernal equinax, w i l l  be introduced. 

X,, Yc, 2,; but first two 
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Positions i n  the solar system are commonly defined with respect t o  
The ec l ip t ic  is  the plane described by the  ec l ip t ic  and the vernal equinax. 

earth as it arbi ts  the sun. The vernal equinox, symbolized by T, i s  a fixed 
linedfrcan earth directed toward the sun a t  the instant the sun ''crosses11 the 
earth's equator from south t o  narth i n  i t s  apparent annual motion along the 
ecl ipt ic .  

Thus, the earth intersects the vernal equinax a t  the start of spring 
( in  the northern hemisphere). 
nodes described by the intersection of the earth 's  equatorial plane with the 
ec l ip t ic  plane. 
going from the northern t o  the southern hemisphere, is  designated by the symbol 
S: - and is the beginning of our autumn. 
night. 

The vernal equ ina  a l so  l i es  along the l ine  of 

The other point where the sun "crosses" the earth's equator, 

A t  both points there i s  equal day and 

The orbit of a vehicle about earth, another planet, or the moon i s  
conventionally related t o  the celest ia l  axes of the planet, X,, Yc, Zc, by 
three angles R , u) , and i . Before these functions can be defined,it is  
necessary t o  understand the geometric relationship between the vehicle orbit 
and the celest ia l  axes. I n  Fig. 3a the general orbi t  of a vehicle i s  shmn 
with the intersection of the orbit  plane and the planet surface s h m  i n  a 
broken l ine.  
containing the planet axes, Xc, Yc, with the surface of the planet. 
l ines  cross a t  t w o  points. (In Fig. 3a only one point is visible.)  
points define the l ine  of intersection of the orbi t  plane with the plane con- 
taining the Xc, Yc axes. The two intersections are commonly referred t o  as 
the ascending node and the  descending node, w h i l e  the  l ine  connecting them is 
called the l i ne  of nodes. 
passing upward (north) thruugh the Xc, Yc plane. 

The other broken l ine  represents the intersection of the plane 
The broken 
These two 

The vehicle i s  a t  the ascending node when it is  

The orbit and the  Xc, Yc, Zc plane are related by R , w , and 
i-2 is the longitude of the ascending node and 

i 
as sham i n  Fig. 3b. 
is  measured counterclockwise i n  the Xc, Yc, Zc plane from Xc t o  the line of 
nodes. The angle w is  the argument of perifocus and is  measured i n  the orbit 
plane, i n  the direction of t rave l  from the l ine  of nodes t o  the perigee. 
angle i represents the true inclination between t5e Xc, Yc plane and the 
orbit plane. 
where 

The angle 

The 

The axes of the orbit  plane are represented by Xp, Yp, and Zp 
Xp is  directed through the perigee of the orbit  as previously defined. 

The direction of the vernal equinox varies s l igh t ly  (appraximately 50.27" 
per year). Hence, t o  specify the coordinates of an object, it i s  neces- 
sary t o  state which vernal equinox is  referred t o  85 the principal direc- 
t ion  (e.g., the equinox of 1950 or  1965). 
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INTERSECTION O F  
CELESTIAL B O D Y  ORBIT PLANE 

( A PLANET, EARTH OR MOON ) 

INTERSECTION OF 
CELESTIAL REFERENCE 
PLANE 

A S C E N D I N G  NODE 

-LINE OF N O D E S  

a 

b CELESTIAL REF. LINE 

Fig. 3 - Relationship between Orbit and General 
Celestial Coordinate Sys tern 
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Any number of reference axes, Xc, Yc, Zc, can be chosen. 
mary consideration i n  choosing celestial  coordinate systems for this analysis 
w a s  tha t  they should be compatible with standard astronomical references so as  
t o  minimize input data compilation t i m e  and effort  by the program user. Three 
systems, geocentric, modified heliocentric, and selenographic,were selected t o  
describe orbits about earth, a planet other than earth, and the moon, respec- 
t ively.  

The pr i -  

Conventional geocentric coordinates are employed t o  define orbits 
about earth. In t h i s  system, the Xc, Yc reference plane is  the plane of the 
earth 's  equator with the X, 
i n  Fig. 4. 

axis directed along the vernal. equinax as sham 

A modified heliocentric coordinate system is  used t o  define orbits 
Since the equatorial planes of a l l  planets 

axis directed so as t o  be parallel t o  

about planets, other than earth. 
are not w e l l  defined, the Xc, Yc reference plane has been chosen t o  be 
parallel t o  the ec l ip t ic  with the X, 
the vernal equinox. The Xc, Yc, 2, axes for planets are also i l lus t ra ted  
i n  Fig. 4. 

Conventional selenographic coordinates are employed t o  define orbits 
about the moon. In this system, the Xc, Yc reference plane i s  i n  the plane 
of the moon's equator, and the axis extends through the north pole of the 
moon (see Fig. 5). The positive direction of the Xc axis i s  from the center 
Of the moon out through the moon's prime meridian. 
prime meridian passes through the mean center of the moon. The mean center is 
the point on the lunar surface t h a t  is  directed toward the earth 's  center when 
the moon is  a t  the mean ascending node, and the node coincides with the mean 
Perigee or mean apogee. The longitude is  measured positive toward the w e s t  as 
Seen by an observer on earth or i n  a counterclockwise direction fran the Xc 
axis (toward Mare C r i s i u m ) .  The direction of the Xc axis i n  space is  not 
fixed; the axis revolves with the moon, making one turn every 28 days. 

Zc 

By definition, the lunar 
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NOTE: EARTH'S XCYCAXES LIE IN ITS EQUATORIAL PLANE 
PLANET'S X,YCAXES ARE PARALLEL TO THE ECLIPTIC PL 

Fig. 4 - Celestial  Coordinate System fo r  Earth (Geocentric) 
and Other Planets (Xodified Heliocentric) 

I E  

MOON EQUATOR 7 MEAN CENTER 7 

LUNAR ORBIT 

Fig. 5 - Celestial  Coordinate System for  the Moon (Selenographic) 
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D. The Sun's Position 

The position of the sun can be expressed, with respect t o  the celes- 
coordinates) i n  terms of right ascen- 

Far earth, RA and DEC can 
t i a l  body being orbited ( in  Xc, Ye, Z, 
sion, RA, and declination, DEC, as s h a m  i n  Fig. 6. 
be obtained directly f r o m  an ephemeridesdfor each day of the year. For the 
moon, the required coordinates are l i s ted  i n  the ephemerides as la t i tude and 
colongitude, where colongitude i s  

colongitude = 90° - longitude 

For any planet other than earth, the r ight  ascension and declination 
of the planet with respect t o  the sun are given i n  the American Ephemeris i n  
heliocentric coordinates. 
heliocentric coordinate system can be obtained from these data as demonstrated 
i n  the follawing examples. If the declination of the planet with respect t o  
the sun is :loo, the declination of the sun with respect t o  the planet is -loo. 
If the r ight  ascension or longitude of the sun with respect t o  the *net is 
236O, the required value is  236O + 180° = 416O = 56O. 

The sun's position with respect t o  the modified 

The position of the sun can be expressed, with respect t o  the planet 
coordinate axes Xp, Yp, Zp i n  terms of a , F , and y as shown i n  Fig. 7. 
The coordinates RA and DEC can be transformed in to  Q , p , and y by 
performing rotations through the angles Q , w , and i as shown i n  Figs. 6 
and 7. The first transformation rotates the X, axis about the Z, axis 
through an angle of The second 
transformation rotates the Yc axis about the X, axis by the angle i . 
Finally the X, axis is  rotated through an angle of w about the 2, axis. 

R into the l ine of nodes (see also Fig. 3). 

rz/ Ephremerides is  the plural form of ephemeris, which is  a table of calculated 
coordinates of celest ia l  bodies with equidistant dates as arguments. 
data rewired  t o  express the  sun's position re this project can be ob- 
tained from "The American Ephemeris and Nautical Almanac. "9 

The 
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SUBSOLAR POINT 

VEHICLE ORBIT 

CELESTIAL B O D Y  
( A PLANET, EARTH, OR 

Fig. 6 - Sun's Position Relative t o  the Celestial  Coordinate System 

Z P  PERIGEE 

Fig. 7 - Sun's Position Relative t o  the Planet Coordinate System 
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Performing the above transformations gives the following relation- 
ships : 

+ (sin w)(sin i)(sin DEC) ( 6  1 

cos y = [(-sin u))(cos  cos cu)(sin  cos i)] (cos  cos DEC) 

(7 1 + (cos u)(s in  i ) ( s i n  DEC) 

cos B = (s in  a ) (s in  i ) (cos  RA)(COS DEC) 

+ (-cos n)(sin i ) ( s i n  RA) (cos DEC)+(COS i ) ( s i n  DEC) (8 1 

For clar i ty ,  the derivations of the above equations have been omitted. 

The sun's position w i t h  respect t o  the planet and the orbi t  plane 
having been obtained, the final step i s  t o  determine i t s  location i n  re la t ion 
t o  the orbiting spacecraft. 
spinning and planet- and sun-oriented vehicles. 

This determination is  accomplished below fo r  

1. Sun's position with respect t o  spinning vehicles: 
solar energy tha t  s t r ikes  the planet and i t s  atmosphere is  scattered back in to  
space and impinges on the orbiting vehicle. 
through the angle Cos eS is equal t o  the sum 
of the direction cosines of the planet-vehicle l i n e  times tha t  of the  sun- 
planet l i ne  which reduces t o  

Some of the 

This radiation, albedo, t ravels  
Os, which i s  shown i n  Fig. 11. 

- 19 - 



Solar energy directly irradiating the vehicle is the same throughout 
the orbit  (except when shaded by the planet) if  it i s  assumed that the period 
of rotation of the spinning sphere is  short (i.e., a l l  surface elements con- 
tinuously "see" the sun), and it i s  assumed tha t  the  sun is  a point source in- 
f i n i t e ly  far away. 
the vehicle are required. 

Therefore, no other angles relating the sun's position t o  

2. Sun's position with respect t o  planet-oriented vehicles: The 
ax le s  (Qs, As, and 6 )  i l l u s t r a t e d i n  Fig. 8 and 8, define the relat ive 
positions of the  sun, vehicle, vehicle element and planet. Cos 0, is the same 
as for a spinning sphere and is given i n  Eq. (9).  

Since 2, is  parallel  t o  Zp (see Fig. 2c) and since it is  assumed 
that  the sun is a point Source inf ini te ly  far away, it follows that  

Qs = 2 

It can also be sham that 

where i s  the true anolnaly of the sun's projection on the Xp, Yp plane and 
is sham i n  Fig. 2 . d  

The angle 6 between the element-vehicle l ine  and the sun-vehicle 
lines is derived by adding t h e  products of the corresponding direction cosines 
of the two lines which give 

cos 6 = s in  R cos A s in  Q cos As 

(12) + s in  Q s in  As sin f& s i n  As + cos n cos fl, 

2n radians should be added t o  As if  it i s  negative. However, only s i n  I\, 
and cos A, 
modified for  negative values. 

are required by the analysis; therefore,Eq. (11) need not be 
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3. Sun's position with respect t o  sun-oriented vehicles: The 
angle 
as expressed i n  Eq. (9). 

8, is  independent of vehicle orientation; therefore, it is  the same 

By definition, the Xc axis is directed toward the sun; therefore, 

n, = n/2 (13 1 

A, = 0 (14 ) 

as sham i n  Fig. 9. 

The angle between the element-vehicle l i ne  and the sun-vehicle line, 
6 , can be derived by combining Eqs.  (U), (W), and (14), which yields 

(15 1 cos 6 = sin rZs cos 
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PLANET - ORIENTED VEHICLE 

/\ \\TO SUN 

Fig. 8 - Sun's Position Relative t o  the Vehicle Coordinate 
System (Planet-Oriented) 

SUN - ORIENTED VEHICLE 

Fig. 9 - Sun's Position Relative t o  the Vehicle Coordinate 
System (Sun-Oriented) 
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111. HEAT TRANSFER THEORY 

Methods for  determining impinging heat loads and t ransient  surface 
temperatures of spacecraft are  based on fundamental heat t ransfer  theory. 
These methods and appropriate equations are summarized below. 
t ions  a re  given i n  the  Appendices. 

Detailed deriva- 

A .  Heat Loads 

A vehicle orbiting i n  a vacuum is externally heated by radiation. 

Most of the 

It 
is  principally i r radiated by the  planet it orbi ts  and by the  sun. 
of heat originating f’ron other ce les t ia l  bodies i s  negligible. 
solar radiation canes d i rec t ly  f r o m  the sun, the remainder is  ref lected by the 
planet before impinging the  vehicle’s surface. Solar, planet, and albedo heat 
fluxes are  i l l u s t r a t ed  i n  Fig. 10. 

The amount 

Fig. 10 - Principal External Heat Loads 
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Since an arbiting vehicle may spend much of i t s  time i n  the planet's 
shadow during which t i m e  it is  shielded frm both direct and reflected solar 
radiation, it i s  necessary t o  know w h a t  part of the orbit  i s  shaded. 
sis for determining the intersection of the orbit  and the shadow is described 
i n  Appendix A. 

An analy- 

Planet-emitted heat i s  dependent on the source's surface temperature. 
If the ce les t ia l  body i s  shrouded with a heavy atmospheric blanket, i ts sur- 
face temperature is  relat ively uniform due t o  convection and conduction heat 
transfer and can be considered t o  be constant. It is  impractical i f  not im-  
possible t o  account for  temperature deviations from the average, since they 
are  functions of such intangibles as the wind, snow, cloud coverage, and a t -  
mospheri c activity.  

If the celest ia l  body has a negligible atmosphere and a nonconducting 
surface (l ike the moon), the temperature gradients are large and should be 
accaunted for. Fortunztely, the factors tha t  cause these extreme variations 
a l so  make it possible t o  determine the surface temperature distribution with 
reasonable accuracy. 

External heat loads are summarized belcw for  spinning and oriented 
vehicles as functions of a l t i tude and the parameters, €Is , O', A' , R,, As, 6 , 
which were previously described (see pp. 10 and 20), as well as t w o  variables, 
E and 15, , yet t o  be defined. Complete derivations are given in  Appendix B. 

1. Radiation i m p i n g i n g  spinning vehicles: Solar radiation per 
cross-sectional area, A, , striking a spinning vehicle is 

where S i the sol r "const 

qsolar -= 

nt  " which varie 
t o  the square of the distance from the sun. 

i n  space inversely proportional 

Radiation received f r m  a constant temperature (T = C )  planet is  P 
given i n  Eq. (B-16) as 
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where 

The corresponding variable temperature (Tp # C )  planet heat ra te  is 
expressed i n  Eq. (B-30) as 

where 

-1 J 
closely approximates the exact configuration factor as demonstrated i n  Fig. B-5. 

The dark side of a variable temperature planet approaches absolute 
zero; however, it does emit sane heat, which according t o  Eq. (B-33) is  

lanet 8 
A, 

= MdP-31 ; Tp # C (dark side of planet) 

where F1 is defined i n  Eq. (17b), (T is the  Stefan-Boltzmann constant, and 
T, is the  average dark side or minimum planet temperature. Values of Tm for 
a l l  of the planets are internally stored in the  cmputer program even though 
they are not very meaningful for  planets that have relat ively uniform surface 
temperatures. 
l i ke  the moon. 
discussed i n  Section V (see also p. 25) .  

The “variable temperature” method should be used only for  planets 
The choice of method, which is  l e f t  t o  the program user, i s  
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The albedo heat flux impinging on a spinning vehicle i s  given i n  
Eq. (B-38) as 

where F2 is  defined i n  Eq. (18b). 

2. Badiation impinging on oriented vehicles: The incident heat flux 
on an oriented vehicle can vary considerably frm one surface position t o  
another; therefore, thermal equations must be derived tha t  are applicable t o  
any spacecraft element (see Fig. 1). 
are applicable t o  e i ther  sun-oriented or planet-oriented vehicles provided the 
required independent variables (e.g., 6 )  are defined f o r  each orientation as 
described i n  Section 11. 
element which i s  located with respect t o  the vehicle coordinate s y s t e m  by the 
angles A '  and F2' as shown i n  Fig. IC and Fig. Id. 

The equations developed i n  Appendix B 

The formulas are developed for a typical surface 

Solar radiation impinging on a surface element i s  

%li2 - = s cos 6 
AV 

, 6 s soe 

If 
element does not "see" the sun, therefore 

6 , which w a s  sham i n  Fig. 8, is  greater than 90" (i.e., cos 6 < 0), the 

= o ,  6 >  goo 

The heat flux from a constant temperature planet i s  given i n  EQ. 
(B-46) as 
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where F4 is  a function of altitude, H , and the variables dC and c which 
are  i l lus t ra ted  i n  Fig. 11. Values of F4 have been evaluated by numerical 
integration Over the applicable ranges of fie and 8 and t o  an a l t i tude  
where the  configuration factor, and therefore the  lanet heat, is negligible 
(an a l t i tude  of approximately f ive planet rad i i ) . a  4 A table of over 2,500 
values representing the f'unction Fq = f (&, e, and H), has been incorporated 
in to  the ccqu te r  program, but for simplicity the table is not included i n  t h i s  
report. 

F4(H = 5rp) i [O.Ol5] [F4(H = O)] fo r  all values of ,be and c . 

SUN - PLANET LINE \ 

PLANET - VEHICLE LINE 

\ 
\ \ 

ORBIT P A T H  
\ 

iA +S \ 
Ilh PLANET \ 

1 
'EHICLE 

ELEMENT VECTOR 

VEHICLE ELEMENT 
Fig. 11 - Angular Variables for Determining Configuration 

Factors of Oriented Vehicles 
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The heat f lux from a variable temperature planet i s  given in Eq. 
(B-42) as 

4planet = S(l-R)Fs Tp # C 
A, 

where F3 is a function of H pC , e and 8, . The variable 8, is  the 
angle between the vehicle, the planet, and the sun as sham in Fig. 11. 
Appendix B describes i n  de ta i l  the relationship that exists between F3 and 

*4 - 
The impinging heat from the dark side of a variable temperature 

planet i s  given i n  Eq. (B-47) as 

= oT>* ; Tp # C (dark side of planet) 
4 r  

The albedo heat f lux  irradiating an oriented vehicle element is  ex- 
pressed i n  Eq. (B-50) as 

B. Transient Temperatures 

The transient temperature of an orbiting vehicle i s  obtained by con- 
ducting a heat balance on it and bjj solving the resulting different ia l  equa- 
tion. 
oriented vehicles are considered t o  be thermally isolated frm each other. 

The scope of w m k  of this project is  such tha t  all surface elements of 

The general governing differential  equation is  
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where p and Cp are the density and the specific heat, respectively, of t he  
vehicle material and V i s  the volume being analyzed. The term, ginternal , 
represents the amount of internally generated heat t ha t  i s  absorbed by the 
vehicle skin. It is  assumed tha t  ¶inter& is dissipated uniformly over the 
en t i re  vehicle external area if it is spinning OT similarly distributed over 
the element surface i f  the spacecraft is planet- or sun oriented. Internally 
generated heat i s  expressed as 

qinternal = Qg 

The negative term i n  Eq. (26), Gut , is  the heat emitted by the 
vehicle and is  given by 

where T is the instantaneous surface temperature and gv is the material's 
emissivity a t  temperature T , and i s  the t o t a l  emitting surface area. 

The external heat fluxes, q,. , (&&bedo , and qplanet , have been 
derived for  spinning and oriented vehicles with respect t o  constant and vari- 
able temperature planets (see pp. 25 through 29). 

Introducing the appropriate heat terms into Eq. (26) gives the 
governing temperature different ia l  equations. 

For a spinning vehicle orbiting a constant temperature planet: 

where h is  skin thickness and as and "p are the material's absorptivity 
with res ect  t o  solar and planet radiation, respectively. 

craf t  thermal control, a material's absorptivity is a function of the source 
temperature, but i s  independent of t h e  receiver's temperature. 

According t o  
Kreith, 27 a noted author i n  t h e  f ie ld  of radiation heat transfer and space- 
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For a spinning vehicle orbiting a variable temperature planet: 

[? + 2SR aSF2 + 2S(l-R) F + Qg - a evT 
QP2  

dT=- 
dt  Pcph 

- = -  dT - + 2 s ~  c ~ ~ F ~  + 2a %T$~ + "g - o c v ~ 4 ]  
d t  pCph !, 4 

depending on whether the vehicle i s  above the sunlit or dark side of the plaset, 
respectively. N e a r  the terminator the  larger value of dT/dt from Eqs. (29b) 
and (29c) is  used. 

For an oriented vehicle o rb i t i ng  a constant temperature planet: 

dT- 1 S(1-R) F4 - - - [SO, COS 5 + SR ~ $ 3  + A + Qg - o eV#] (29d) 
d t  P c p h  4 

For an oriented vehicle orbiting a variable temperature planet: 

or i f  the oriented vehicle is above the shaded half of the planet: 

Near the terminator Eqs. (29e) and (29f) are both evaluated, but the smaller 
value of d!I!/dt i s  discarded. 
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The above equations are of the form 

dT - = C1 - QT4 
d t  

where C1 and C2 are variable coefficients. Both t and f~ must be known 
i n  order t o  evaluate C1 and C2 , thus an expression relating t and fl i s  
required. The necessary relationship i s  derived by first writing t as a 
function of the eccentric ancansly, E , i n  accordance with Kepler's l a w s  of 
planetary motion : 

t = (  E-e s in  E)P 
2n 

where t as well as E i s  measured from perigee. The period, P , i s  

where G i s  a gravitational constant and I$, is the planet mass. 

Time can now be expressed as a function of $ by combining Eqs.  (3) ,  
(31), and (32) which yields 

The above expression can readily be solved for t ; however, the s o h -  

T h i s  i s  indicated i n  the general 
t ion of $ = f (t ) requires some kind of i terat ive technique. Consequently, $ 
has been selected as the independent variable. 
different ia l  equation, Eq. (30), as follows : 

dT 
d[t($)] = c1 - c2T4 

(34 1 

Equation (34) does nut yield a closed form solution, but it can be 
solved numerically. 
described i n  Section IV, "Numerical Analysis. " 

The pr0ced.e  for  numerically integrating this equation is  
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IV .  NUMERICAL ANALYSIS 

It is  important that  numerical techniques be both accurate and fas t .  
The accuracy and speed of numerically integrating an equation such as the gen- 
eral thermal expression, Eq. (34), are related t o  the specific method and step- 
s i z e  t o  be used as well as t o  the function i tself .  
depends on poper  application of the numerical technique employed. 

Of course, accuracy also 

A. Method of Integration 

Multistep methods require a constant step-size, and although they are 
generally faster than single-step methods, t he i r  use far this specific problem 
would necessitate a time-consuming i terat ive solution of Eq. (33) t o  f ind the 
t rue  anomaly increment corresponding t o  the constant t i m e  increment (see p. 12). 
Consequently, a single-step integration method should be chosen. 

An analysis of single-step methods i n  relation t o  the general equa- 
t ion  t o  be solved resulted i n  the selection of the fourth-order Runge-Kutta 
technique. This method has long been accepted as being generally best i n  terms 
of accuracy and speed. In the case of Eq. (34), it i s  particularly w e l l  suited 
i n  the  sense of speed since C 1  and C, need t o  be calculated only once dur- 
ing each time interval. Because of this, the integration speed of the fourth- 
order Runge-Kut ta  method is  very close t o  that  of a lower-ordered method, or, 
for  that matter, even the multistep methods that  are normally much faster. 

B. Step-Size and Error Analysis 

Assuming tha t  the error attributable t o  a given single-step method i s  
l e s s  than the m i m u m  tolerable error, operating speed can be optimized by in- 
vestigating the question of maximum step-size. 

The computer program has been written so tha t  the user can input a 
step-size, A# . The program prints out every intervals, where n is  a 
specified integer; however, calculations may be based an a smaller, more 
"pract ical 'd interval  re accuracy, speed, and s tab i l i ty .  The pract ical i ty  of 
A$ is  determined a t  the start of each interval. 

4 Practical  step-size and i t s  determination by the program are described i n  
Appendix C. 
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The errors induced by numerical integration can be broken dawn i n  the 
following manner : 

En = et,n + et,a + ero (35 1 

where En = t o t a l  error a t  t = n 

= one-step truncation error (the error due t o  t , n  e 
approximation over s tep n ) 

= accumulated truncation error over steps 1 t o  n-1 t ,a e 

= accumulated effect of round-off error over n steps 

1. Accumulated errors, ero and et a : Contrary t o  the usual case 
i n  numerical analysis, the sum of the accumulated errors, et,a and ero , i s  
bounded by some number, c , which is  much less than the accuracy of the input 
data f o r  any practical  step-size and, therefore, negligible regardless of t o t a l  
integration t i m e .  The reason for this boundedness i s  the s t ab i l i t y  of the 
function t o  be integrated; i n  other words, the solution converges t o  a specific 
temperature a t  a given t rue  anamaly and, on a l l  subsequent orbits, w i l l  be 
v i r tua l ly  a t  tha t  temperature. Since the temperature a t  point n i n  one orbi t  
i s  the same as the temperature a t  point n i n  the next orbit, there is no 
significant accumulation of errors. 

To t e s t  t h i s  reasoning, the spinning case was programmed for the IBM 
1620 so that  et,a and ero could be analyzed separately. To show that ero 
w a s  nearly zero, the program was run using 8-digit accuracy, then it was run 
using 12-digit accuracy. 
enth or eighth place i n  a l l  of the many orbits tha t  w e r e  run.  

The difference i n  the two solutions w a s  in  the  sev- 

The analysis included the calculation of a function prove& t o  be 
Although asymptotic t o  the accumulated truncation error of the integration. 

the solution of this function was small with respect t o  the solution of the 
thermal equation, and w a s  oscillatory i n  nature, it did gradually increase i n  
magnitude. Nevertheless the s tab i l i ty  of the function was generally verified 
since asymptotic approximations a re  not exact. 

2. One-step truncation error, et : To study e the 1620 anal- 
9 t ,n  

ysis for  t o t a l  truncation error was again used. 
error made during the first step, is generated by the accumulated error 

Since et,l, the  one-step 
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function, the analysis necessarily contained the rudiments of a one-step error 
function. The only modification necessary t o  generate these one-step errors 
continuously was t o  make the computer "think" tha t  each s tep w a s  the first.  
This technique w a s  applied t o  the integration of many different ia l  equations 
having closed form solutions and was found t o  be extremely accurate. 
the leve l  of effor t  did not permit extensive application of this technique t o  
the thermal equation, the runs that were made indicated that any practical  
step-size gave an e 

Although 

of less than 0.C6''R. t , n  

Since the sum of the accumulated errors is bounded by e , Eq. (35) 
can be written as 

The resul ts  of the error analysis indicate t h a t  
c c 0.1'R; therefore, the t o t a l  error attr ibutable t o  the numerical integration 
is  

et,n < O.CCSoR and 

which is negligible considering the accuracy of the input data. 

C. Integration Technique When Function i s  Nondifferentiable 

A major contribution of the numerical analysis investigation w a s  the 

of the integration techniques employed i n  sane previous similar studies. 
discovery and elimination of a significant error that was due t o  misapplica- 
t ion 
A l l  standard numerical techniques assume that  the function t o  be integrated 
is continurnsly differentiable a t  every point i n  the integration interval. 
T h i s  i s  not true of the thermal equation due t o  the behavior of the constant, 

C1 . When the o r b i t i w  vehicle enters or leaves the planet's shadow, C1 may 
suddenly change from a relat ively large number t o  almost zero or vice versa, 
causing the function t o  be nondifferentiable a t  the sun-shade points. 
1620 analysis revealedthat  the single-step error i n  an interval containing a 
sun-shade point was  much larger (up t o  1 0 a R  larger)  than the t o t a l  accumulated 
error just  prior t o t h a t  interval. 
even this very large error became negligible a f t e r  only a few integration 
steps. 

The 

In support of t h e  s t ab i l i t y  conjecture, 

This diff icul ty  i s  cmpletely eliminated by subdividing each interval  
containing a sun-shade point so that the nondifferentiable point coincides with 
the interval 's  boundary and thus does not exist within the interval. 
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V. DIGITAL C m  F'RCGRAM 

The determination of impinging heat loads and transient temperatures 
of up t o  200 surface elements of a spacecraft i n  orbi t  is  an ideal application 
of a high-speed d ig i ta l  computer. 
would be impractical a t  best. Accordingly, an IBEl 7094 computer program in- 
corporating the theary and numerical techniques described i n  Sections 11, 111, 
and IV has been written and checked art. 

Performing this wark in  any other manner 

Programming was done in  F c B "  t o  f ac i l i t a t e  any modifications that 
the program users may wish t o  perform. 
mediate versions and debugging each only until  the subsequent version became 
operable. In th i s  way it was possible t o  t e s t  minor changes and corrections 
while extensive modifications were s t i l l  being developed on paper. To avoid 
recompiling the e n t i r e  s w c e  deck when incorporating changes, the program was 
organized as a pi lot  routine w i t h  a number of basic subroutines. 

The program evolved by writing inter-  

A User's Manual supplementing this f ina l  report gives a description 
of a l l  Subroutines, includes a table of planetary constants, and explains data 
preparation and output interpretation. The followire section i s  intended only 
t o  introduce the program and t o  summarize some of i t s  capabilities and appli- 
cations. Further information can be obtained frm the User's Manual. 

A. S-y of Program Capabilities and Applications 

The computer program i s  designed t o  compute and pr int  out impinging 
heat fluxes and/or temperatures of a vehicle i n  orbit  about the moon or any of 
the planets excepting Pluto. The orbiting craft  may be spinning or m y  have a 
fixed orientation with respect t o  either the sun or the body it orbits. The 
planet's surface temperature, which is used i n  determining the amount of i m -  
pinging thermal radiation originating from the planet, may be assumed t o  be 
constant or variable. d 

If the planet has a significant atmosphere, the surface temperatures tend t o  
approach an average value. Further, the presence of an atmosphere, which 
may change considerably from one orbi t  t o  the next, makes it di f f icu l t  t o  
prepare representative albedo input data. Therefore, the method for  con- 
stant (i . e., average ) planet temperatures is  recommended for  m o s t  planets. 
The variable planet temperature method is only applicable t o  ce les t ia l  
bodies l ike  the moon. 
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The program w i l l  determine heat loads during one orbit or any frac- 
llhen temperatures are required, more than one orbit may be t ion  thereof. 

specified. 
f e r  by less  than 0.5% from one orbit t o  the next), the case is  automatically 
terminated. 

Hawever, i f  a l l  of the temperatures became stable (i.e.,  they dif- 

Emissivity, specific heat, and density of the vehicle substrate(s ) 
and coating(s) are temperature-dependent. 
ing material properties is employed. 
sus temperature from 0' t o  1OOOO"R (the sun's effective temperature) may be 
specified. 
found as  a function of the effective temperature of that  part of the planet 
actually "seen" by the orbiting object (see p. 30). 
of emissivity may be used. 
also be used corresponding t o  eight possible substrate materials for the ve- 
hicle skin. 

A standard NASA formt for  specify- 
Up t o  2 1  pairs of material property ver- 

Absorptivity with respect t o  heat f lux radiated by the planet is  

A maximum of eight tables 
Eight tables each of specific heat and density may 

When temperature calculations are desired, up t o  eight different 
schedules of internal heat versus time can be used. Each se t  of data is read 
i n  as a table of internal heat and the switching time corresponding t o  a change 
t o  the next value of internal heat. As many as 20 different values (10 duty 
cycles) may be included i n  each of the eight tables. 
more than one orbit ,  the same sequence of internal heat loads i s  applied for  
successive orbits. 

If  the program runs for 

Sa te l l i t e  position in  orbi t  i s  given by the true anamaly, fi , meas- 
A start ing value, fl0 , and a step-size, 06 , are read in.  ured from perigee. 

bo must be between 0" and 360' and A$ must be a submultiple of 360". For 
example, S o ,  6', 7.5", 8", go, or 10' are a l l  acceptable values for  A@ but 
7" is not since 360/7 is  not an integer. 

The program may internally subdivide A$ t o  give the "optimum" 
interval with respect t o  accuracy and computer time; however, the input value 
of A@ w i l l  not be exceeded. For temperature calculations, external heat 
fluxes a re  considered constant throughout the specified A$ interval provided 
the vehicle does not pass in or out of the planetary shadow during the time 
corresponding t o  A$ . Furthermore, only one change i n  internal heat for  
each element is  recognized per interval. 
time) that A# = loo  is a reasonable upper bound. 

3lRI's experience indicates (a t  t h i s  

The sun's position relative t o  the orbit  may be given conventionally, 
as right ascension and declination, which can be obtained frm an ephemeris, 
or the sun's position may be specified i n  terms of angles, a , y , f3 , re la-  
t i v e  t o  Xp , Yp , Zp coordinate axes. 
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As many as 200 elements of oriented vehicles may be processed i n  a 
single case. 
and position on the s a t e l l i t e  sphere. However, coating and substrate materials 
as well as internal heat duty cycles are res t r ic ted t o  eight choices of each as  
previously noted. 

Each of these elements has i ts  own thickness, i n i t i a l  temperature, 

Effects of variations of thickness, i n i t i a l  temperature, material or 
internal heat loads can be studied i n  a single case i f  a number of elements are  
chosen with the same position but with different values for  the other param- 
eters. Thus a single case may be an ent i re  parametric study i n  i t s e l f .  Add i -  
t ional  f lex ib i l i ty  is provided so that i f  any of the input parameters are t o  
remain the same f’rm one case t o  another, these unchanged values can be repre- 
sented by blank f ie lds  i n  the input deck. 

B. Assumptions 

In  order t o  write a practical program t o  f u l f i l l  the project’s ob- 
jectives, it w a s  necessary t o  introduce certain simplifying assumptions. These 
assumptions, none of which appreciably affects the program’s accuracy or use- 
fulness, are  summarized i n  part below: 

1. Conduction and convection between the vehicle and i ts  surround- 
ings a re  neglected. 
reasonable for  missions about other planets since orbits are usually well above 
any significant atmosphere t o  minimize drag. 

T h i s  assumption is  valid for  orbits about the moon and i s  

2. Perturbations are neglected. T h i s  assumption is  acceptable un- 
less orbi ta l  missions of very long duration are t o  be analyzed. 
cases the program could be modified t o  account for significant variations. 

I n  these 

3. The sun’s position w i t h  respect t o  the orbi t  is  fixed. This 
assumption is  reasonable unless the f l ight  duration becomes an appreciable per 
cent of the planet’s period. I n  th i s  event, the mission can be subdivided and 
run as several cases, each case having the appropriate coordinates of the sun 
specified . 

4.  The solar constant is independent of the vehicle’s orbi ta l  posi- 
t ion.  
planet’s distance f r m  the sun, solar radiation i s  essentially constant through- 
out a given orbit .  

Since the semimajor axis of the vehicle orbi t  is  small compared t o  the 
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5. Planet data, such as albedo and mass, are  internal ly  stored and 
therefore are  assumed t o  be invariable (unless the program is modified). While 
these properties are essentially constant, the accepted values a re  occasionally 
refined. If the program's data a re  t o  be refined accordingly, part of the pro- 
gram must be changed and recompiled. This disadvantage is  more than offset  by 
the  convenience of not having t o  include planet properties i n  the input data 
each t i m e  a case i s  t o  be run. 

6. The planet's shadow is assumed t o  be cylindrically shaped and 
penumbral effects  are neglected. 
heat load determinations are  negligible even f o r  extremely large orbits.  

The resulting error  i n  sun-shade point and 

7. A l l  thermal radiation i n  this study is assumed t o  be diffuse. 
Except for the radiation emitted by a polished vehicle surface, this assumption 
is  essent ia l ly  correct. Since the vehicle radiates t o  space, it does not 
matter whether i t s  surface emits specular or diffusely (i.e., the magnitude is 
important but the direction is  not ). 

8. 
position or features. An average value i s  used only because the local  values 
depend on such variables as clouds and other atmospheric conditions which are 
diff icul t ,  i f  not impossible, t o  predict even on earth. 

The albedo of a planet i s  assumed t o  be independent of surface 

9. Internally generated heat i s  assumed t o  be uniformly distributed 
the internal  Over the applicable vehicle surface. 

heat and corresponding surface element should be subdivided u n t i l  the  assmp- 
t ion  is acceptable. 

If this i s  not reasonable, 

. Planets are assumed t o  emit as  smooth spheres. There is  
evidence 3 tha t  topographical features of the moon's surface do s ignif icant ly  
affect  the way i n  which it radiates; however, additional investigations are 
required before surface effects  can be accounted for  i n  a program such as  th i s .  

11. 
planet, Tm , i s  assumed t o  be constant. 
ample, the heat flux radiated from the  moon's back side is  less than 1 per 
cent of that radiated a t  the subsolar point; therefore, neglecting variations 
i n  Tm introduces negligible errors i n  Qplmet . 

The temperature of the dark side of a variable temperature 
T h i s  assumption i s  valid. For ex- 

12. The vehicle's absorptivity t o  reflected solar  radiation is  
assumed t o  be the same as i t s  absorptivity t o  direct  solar  radiation, as . 
The spectral  characterist ics of solar radiation i s  probably changed when it 
is  reflected; harever, it i s  believed that the change has l i t t l e  effect  on 
as 
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V I .  TYPICAL TEST CASES 

Hundreds of t e s t  cases were run i n  the course of developing and de- 
bugging the computer program. Most of these runs were hypothetical cases de- 
signed t o  check out a specific subroutine or program function. 

Although design, orbital ,  and thermal data on actual s a t e l l i t e s  have 
been rather  vaguely reported, sufficient information t o  s i d a t e  Vanguard and 
Explorer missions bas been obtained. 
marized and a more informative lunar mission w i l l  be described in the following 
sections. 

Results of these two runs will be sum- 

A Lunar Excursion Module Hypothetical Mission 

Data for  the proposed Lunar Excursion Module (LEM) moon orbi t  w e r e  

WM was planet-oriented; its a l t i tude  varied from 10 miles t o  190 
prepared and run. 
analyzed. 
miles. 
landing sight,  which w a s  13’ south of the moon’s equator and 3’ east  (as seen 
from ear th)  of the moon’s p r i m e  meridian.  

Fourteen surface elements painted ei ther  black or w h i t e  w e r e  

The orbit  parameters were such that perilune occurred over the intended 

Pertinent orbi t  data were as follows: 

a = 6.230 x 16 f t .  

b = 6.212 x 106 f t .  

i = 13“ 

fi0 = 0” 

The mission was “f lmn” on December 1, 1963. 
graphic coordinates as given by an ephemeris was 

The sun’s position i n  seleno- 

colongitude = 88.74‘ 

declination = 0.86’ 
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Therefore, 

RA = longitude = 90' - colongitude = 1.26' 

DEC = 0.86' 

The temperature-time resu l t s  of differently oriented and painted surface ele- 
ments reveal several interesting characteristics. 

In  Fig. 12, a white element facing away frm the moon i n i t i a l l y  cools 
even though it i s  "looking" almost direct ly  a t  the sun. 
similarly oriented element, painted black, r i s e s  t o  a peak a t  about 6 = 60° 
and then drops as  it gradually turns away f r a m  the sun. 

The temperature of a 

The temperature curves of black and white elements facing the moon 
(see Fig. 13) are similar t o  each other since black and w h i t e  paint absorbs 
long wavelength radiation (the moon's i n  this case) almost equally. Just  be- 
fore entering the moon's shadow and just after leaving the shadows, these ele- 
ments are  br ief ly  irradiated by the sun. T h i s  shars up as  a hump i n  the black 
element's curve a t  about @ = 260". 13 = looo and 

Comparison of the black elements on Figs. 12 and 13 reveals tha t  at 
this l o w  alt i tude,  the "lunar constant" is  almost as great as the solar con- 
s tant .  
heat than the white element facing the sun. 

In  fac t  the black element facing the moon absorbs considerably more 

To learn the effect  of not considering the moon's surface tempera- 
ture gradients, a "constant temperature" case w a s  run. 
plotted i n  Fig. 13, are " f la t"  curves tha t  average out the maximum and minimum 
peaks of the "variable temperature'' curves. 
caused by neglecting the moon's temperature variations. 

The results,  a l so  

The 100"R deviations are  errors 

These results confirm the importance of the variable temperature 
planet method i n  analyzing lunar missions. 
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B. Vanguard and Explorer Earth Sa te l l i t es  

A Vanguard s a t e l l i t e  placed i n  orbi t  February 17, 1959, was  therm- 
a l l y  analyzed on the computer. 
used : 

The following approximate orb i ta l  data were 

a = 27.27 x 106 ft. 

b = 26.90 x 106 ft. 

i = 33" 

R = 6OQ 

w = 270" 

RA = 329.0" 

DEC = -12.3" 

Averages of QV and a, values obtained from G. Eass, who coated 
d from M. Schach, who performed the  thermal analysis of Vanguard, 

were used. 

The Vanguard temperature, which w a s  internally sensed, s tabi l ized 
a f t e r  several days. 
justed t o  give a similar t i m e  l a g .  

The skin thickness of the simulated s a t e l l i t e  w a s  ad- 

The predicted temperature history w a s  similar t o  tha t  of the actual  
Vanguard and the two curves stabil ized within 4 " R .  

The Explorer I - 1958 Alpha w a s  a l so  simulated. 

The cyclic temperature-time curve closely followed tha t  reported by 

The predicted m a x i -  
mum temperature was about 560"R and the minimum was approximately 410'R i n  the 
shade. 
Buwalda and Hibbs .g 
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VII. CONCLUSIONS AND RECC"DATI0NS 

An operational computer program t o  predict spacecraft heat loads and 
temperatures has been developed. 

The program w a s  not designed for any particular vehicle-mission cm- 
bination, but rather it was developed t o  be applicable t o  a l l  hypothetical and 
actual  space projects. While there are no serious assumptions incorporated 
i n t o  the celest ia l ,  thermal, and numerical theory (see Section V-B), the leve l  
of e f for t  w a s  such t h a t  certain conditions cauld not be considered i n  the  i n i -  
t i a l  project w i t h o u t  sacrificing the desired versa t i l i ty .  

The program was  written so tha t  it could be readily expanded t o  in-  
Based on our knowledge of the program clude additional features and details. 

and of NASA MSC's objectives, we recommend tha t  the fol lming modifications be 
considered : 

1. Include thermal conduction and radiation between vehicle surface 
elements. 
other organizations as subroutines. 

T h i s  expansion could probably incorporate programs developed by 

2. Include the effects of shadows cast by part of the vehicle on 
i tself .  
(economically) t o  
a s  the Apollo Command Module, LEN, and space stations.  

T h i s  modification could be so complicated that  it might be necessary 
perform this change r e  specific vehicle configurations, such 

3. Modify the ce les t ia l  mechanics theory t o  be applicable t o  earth- 
moon missions and interplanetarry operations. 

4. Include the effects  of the moon's topographical surface features 
on spacecraft heating i f  these effects prove t o  be significant.  

5. Include the effects of perturbative forces. T h i s  modification 
is  probably necessary for  orbi ts  of long duration. 

6 .  Combine planet-oriented and sun-oriented options. This change 
would be applicable t o  planet-oriented vehicles that  have solar panels facing 
the sun. 
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APPENDIX A 

IIKCZRSECTION OF ORBIT AND SIiADOW 

The intersection of the orbit  and the shadow can be determined by 
simultaneously solving the equations that express the vehicle path and the 
shadow's trace on the orb i ta l  plane. 

If C = 0" or  f? = 180" , the trace of the shadow is a c i rc le  of 
radius rp that does not intersect  the vehicle orbit .  

If 0' < D < 180" but I, f 90" , the t race is  a semiellipse as shown 
i n  Fig. A - l a .  The equation of the orbit path, based on the notation shown i n  
Fig. A-lb, i s  

%e corresponding expression for  the shadow's intersection with the orb i ta l  
plane i s  

( ~ p  cos + yP ( ~ p  s in  - Y cos 12 

A2 B2 
+ = 1  ( A 4  

Equations (A-1) and (A-2) combine t o  yield a biquadratic (quartic),  
which i s  solved i n  this study by the Ferrari method. Some numerical approaches 
may be faster, but become unstable i n  cer ta in  cases. The Ferrari method, which 
can be used t o  solve any quartic equation, i s  explained i n  most theory-of- 
equation t e x t s  and many mathematical handbooks (e. g., Burringtong_/) . 

The % coordinates having been found, the corresponding Yp values 
can be determined from ei ther  Eq. (A-1)  or  from Eq. (A-2); however, care must 
be taken t o  avoid accepting an extraneous root. 
f icu l ty  i s  circumvented by solving both equations for @ and equating the 
expressions. 
for  a l l  Xp : 

This potent ia l  source of d i f -  

The resu l t  reduces t o  the function b e l o w  w&ch i s  single-valued 
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b 

Fig. A - 1  - Intersect ion of Planet's Shadow and Orbit Plane 
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where 

X = ,  5 

The true anomaly of the sun-shade points i s  calculated from 

(A-3) 

(A-4 1 

(A-5) 

If the shade and orbi t  e l l ipses  do not intersect  or i f  they cross i n  
only two places, the quartic equation can yield spurious (i.e., false) real 
roots. 
of it corresponding t o  spurious roots are meaningless. Therefore, the val idi ty  
of each pair  of coordinates must be determined, and this i s  done by tes t ing t o  
see i f  the 

Since Eq. (A-3) i s  valid only a t  the e l l ipse  intersections, solutions 

Xp , Yp values sat isfy both EQ. (A-1) and E q .  (A-2 ) .  

If 8 = 90" , the trace of the shadow e l l ipse  degenerates t o  a pair  
of para l le l  lines which are expressed i n  polar form as 

p s i n  ( Z  - pI) = rp (A-6a) 

P s in  ( E  - 8) = - rp (A-6b) 

where p i s  the distance from the lines t o  the planet 's  center of mass. A 
similar expression of the orbi t  el l ipse i s  

(A-7 1 b2 
a + c cos @ 

P =  
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Eliminating p from a s .  (A-6a) and (A-7) gives 

(b2 s in  - crp) COS # - b2 cos s in  - arp = 0 (A-8a) 

I n  general, EqL (A-8s )  is  transformed t o  a quadratic i n  
2 (1 - cos2 6)s for  s in  6 . 
Eq. (A-8a) t o  give values for  s in  @ . Once s in  jd and cos are known, 
@ is  easi ly  found. 
p i s  eliminated between Eqs. (A-6b) and (A-7) giving 

cos @ by substituting 
The roots of this quadratic aze put back i n t o  

A similar procedure yields the other sun-shade point i f  

(b2 s in  + crp) cos @ - b 2 cos s in  @ + arp = 0 (A-8b) 

If the coefficient of s i n  jd or cos $ i n  Eq. (A-8) vanishes, the 
problem i s  less difficult i n  that 
and the corresponding function i s  determined from e i ther  
or COS @ = - sin2 #)z . 

s i n  # or cos @ can be solved for  d i r e c t p  
s i n  jd = t(l-cos2 jd)Z 

1 

Equations (A-5) and (A-8) may give zero, two or four valid mathe- 
matical roots; however, two of these may not satisfy the condition that the 
sun-shade points l i e  on the shaded side of the orbit .  A root i s  discarded 
unless the angle between the l ine  connecting the sun-shade point and the planet 
and the l ine  of the sun's projection on the orb i ta l  plane i s  obtuse. 
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RADIATION HEAT TRANSFER DEMVATIONS 

A general expression for thermal radiation from one surface t o  
another can be derived by considering the t o t a l  radiation from the emitter. 
Th i s  may be visualized by placing a hemisphere over the emitting surface ele- 
ment Ae as shown in Fig. B-1. This hemisphere w i l l  intercept a l l  of the heat 
emitted from A, and the radiation "seen" by an element d& is  given by the 
familiar "square of the distance" equation 

where B is  the emissivity of A, . The proportionality factor, I , is  known 
as the intensity of radiation. Assuming that the emitting surface is diffuse, 
i t s  intensity i s  independent of direction and is  constant. The 

Fig. B-1 - Mathematical Model fo r  Deriving 
Thermal Radiation Equation 

General 
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apparent or "intercepted" intensity is  proportional t o  A, as seen from dAr 
on the hemisphere. Thus 

which is  Lambert's cosine l a w .  If % i s  on the hemisphere surface, & is  
Oo ; theref ore, 

Writing dpi, i n  terms of fie and $ , Eq. (B-3)  becomes 

The heat radiated by A, i s  

q,t = = €EAe 

where E is the emissive power of A, . Since a l l  of the emitted heat i s  
intercepted by the hemisphere, the heat emitted is  equivalent t o  the heat re- 
ceived. Equating Eqs. (B-4) and (B-S), simplifying the results, and solving 
yields 

I = E  
Tr 

Cmbining Eqs. (B-1) and (B-6) and introducing the absorptivity, a , of the 
receiving surface gives the general equation for  radiant heat transfer between 
two surfaces 
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I n  the following sections, the general formula, Eq. (B-7), will be 
used t o  derive specific equatims that express the amount of planetary and 
albedo heat tha t  is "seen" and/or absorbed by a spinning OT oriented vehicle. 
Derivations w i l l  be made for  constant temperature planets as well as for vari- 
able temperature planets. 

1. Planet heat flux, spinning vehicle, constant planet temperature: 
Seaveyd simplified the mathematics by ut i l iz ing a theorem which states that  
the flux incident on a small surface element *om an extended source of uni- 
farm brightness is independent of the two shapes. 
solution is developed by first replacing the part  of the planet that the satel-  
l i t e  "sees" with a concave disk of radius This geo- 
metrical substitution can be comprehended visually by observing tha t  the sun, a 
uniform e d t t e r  with respect t o  surface position, appears t o  the observer on 
earth as a disk. 
has an infinitesimal area canpared t o  the planet disk. 

A modification of Seavey's 

1 as  Shawn i n  Fig. B-2a. 

Similarly, the sa t e l l i t e  i s  replaced by a flat diskwhich 

It can be seen i n  Fig. B-2b that every l ine between the s a t e l l i t e  and 
the planet perpendicularly intersects Dp . Likewise, the satellite-planet 
l ines  can be made normal t o  S, by le t t ing  9. pivot about i t s  center a l l o w -  
ing the planet different ia l  elements t o  "see" different orientations of the 
s a t e l l i t e  disk. 
B'.  The "wobbling" of 9. is  justif ied by the aftrementioned theorem employed 
by Seavey. 

Thus, i n  Fig. B - ~ c ,  element A "sees" A '  w h i l e  element B "sees" 

Equation (B-7) is  modified t o  express the heat received by s a t e l l i t e  
area, 4. , from a ring-shaped element of area, %, as follows 

= 1) and sub- &P Assuming that celest ia l  bodies are perfect emitters (i.e., 
s t i tu t ing  4 = & = Oo , Eq. (B-8) reduces t o  
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VEHICLE DISK, Dv 

VEHICLE - PLANET LINE 

PLANET CONCAVE DISK, Dp 

a 

VEHICLE DISK A 

b 
PLANET DIF. ELEMENT 

PLANET DIF. ELEMENT A 

VEHICLE DISK A’ 

VEHICLE DISK B’ 

\-PLANET DIF. ELEMENT B 
C 

Fig. E-2 - Seavey’s Model for Determining Radiation between 
Two Spheres of Uniform Brightness 
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The planet different ia l  area and the effective vehicle area are 

and 

(B-10) 

The emissive power is 

where Tp is the average planet temperature. A heat balance on the planet 
yields 

1 

Tp = [v]" 
Combining Eqs. (B-12) and (B-13) gives 

which be canes 

E = S(1-R) 
4 

(B-13 ) 

(B-14 ) 

Substituting Eqs. (B-lo), ( B - U ) ,  and (B-15) in to  Eq. (B-9) and in-  
tegrating yields the desired relationships 
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= 2S(l-R)3 F m2 T = C 
‘planet P l  v ’  P 

qplanet = S (1-R )%Fl 
, T p = C  

4m; 2 

where 
1 - 

- 1 - [l -($I2 
F1 - &YY 

(B-16a ) 

(B-16b ) 

(B-16~) 

The planet heat ra te  per un i t  area impinging on the spherical vehicle is  

lanet 

4. 
- = 2S(l-R)Fl , Tp = C (B-16d ) 

A derivation not based on Seavey’s theorem can also be made and w i l l  

% be presented i n  condensed form. 
(see Fig. B - 3 )  and absorbed by a sa t e l l i t e  of radius 

The heat emitted f’rom planet element 
rv i s  

(3-17 ) 

= 1 , & = 0 , and E = S(l-R)/4 and integrating, cP 
Again substituting 
Eq. (B-17) becomes 

S ( 1 - R ) r k j J  cos2& 
. % - - 

%lane t 4 
P 

It can be shown tha t  

D cos G - r  

P 
cos fjp = 

(B-18) 

(B-19) 
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(B-20) 

and 

where the variables are i l lustrated in  Fig. B-3. 
relations t o  evaluate an expression similar t o  Eq. (B-18), and from his work 
the following equality can be developed 

B a U i n g e r u  used these three 

Cmbining the above expression with Eq. (B-18) gives 

(B-22 ) 

(B-23 ) 

which is equivalent t o  Eq. (B-16). 

2. Planet heat flux, spinning vehicle, variable planet temperature: 
The expression, Eq. (B-l?) ,  for radiant heat exchange between a surface dif- 
fe ren t ia l  element and a spherical s a t e l l i t e  i s  applicable also t o  planets of 
variable temperature. If the planet has a negligible atmosphere and is  a good 
thermal insulator, the element 
heat emitted i s  equivalent t o  the solar heat absorbed as shown i n  Fig. B-4 and 

% is i n  thermal equilibriumdtheref ore , the 

If mechanisms for heat transfer do exist  (e.g., conduction and convection 
in a planet's atmosphere) so that % 
temperatures tend t o  approach an average value. Further, the presence of 
an atmosphere, which may change considerably from one orbit t o  the next, 
makes it impractical i f  not impossible t o  prepare meaningful albedo input 
data. 
method for  constant (i.e. , average) planet temperatures should be em- 
ployed. Consequently, the method of variable temperatures is applicable 
only t o  bodies such as the moon. 

i s  not i n  equilibrium, the surface 

Thus, average albedo values are used for  most planets and the 
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PLANET ELEMEN 

d+ 

P- 
/ SOLAR FLUX 

PLANET ‘d 
NOTE THE SUN - PLANEl - VEHICLE PLANE 

LIES IN THE PLANE OF THE PAGE 

Fig. B-3 - Geometry for Determining Heat Exchange 
between Planet and Spinning Vehicle 

RE-EMITTED FLUX 

RE-EMITTED FLUX = SOLAR FLUX.COSB 

f 

PLANET 

PLANET ELEMEN 

Fig. B-4 - Heat Emitted by an Element of a 
Variable Tempera tu re  Planet 
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Cmbining Eqs. (B-17) and (B-24), le t t ing e = 1 and = 0 , integrating 
and rearranging yields 

P 

The f'unction cos ; can be sham t o  be 

cos = cos 8 cos 8, + s in  e s in  0, cos (B-26 ) 

which can be approximated by 

cos p M cos 9, (B-27 ) 

Equation (B-27) can be mathematically substantiated fo r  small values of 
since 

6 

iim COS [; = COS es 
9 +O 

(B-28 ) 

For larger values of 8 , the alt i tude is large and F is  small; consequently, 
the error introduced by the approximation i s  relatively insignificant. 
bining Eqs. (B-25) and (B-27) gives 

C m -  

(B-29) 
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Combining Eq. (B-22) and Ep. (E-29) gives 

= BS(l-R)o, F m2 , Tp # C (B-30a) 
$lanet P 2  

lanet = 2S(1-R)%F2 , Tp # C 
4 4  

(B-3Ob) 

where 

(B-30~ ) 

The variable temperature planet heat r a t e  per unit area impinging on the 
spherical vehicle is 

(B-30d) Q M e t  P = B S ( ~ - R ) F ~  , T~ # c 
4. 

An expression similar t o  Eq. (B-25) has been evaluated by Ballbger 
numerically an a d ig i t a l  computer. The resulting F factorsdwere tabulated 
as a function of alt i tude,  H , and the sun-planet-satellite angle, 8, . 
approximate configuration factor, Fz , i s  related t o  the tabulated factor 

The 

F(H,Qs) by 

(B-31) 

The table of F values was duplicated a t  119RI as  part of a study t o  deter- 
mine the effect  of surface topology on planet thermal emission. 
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Random values of F(H,Bs)/16 and the approximate function F2 are plotted in 
Fig. B-5. 
and the magnitude of deviation is  negligible for low values of F , therefore, 
the appraxination cos w cos 8, introduces insignificant errors into the 
derivation of F2 . Consequently, the F2 function has been incorporated into 
the computer program in  l ieu  of the slower table look-up method t o  find 

As expected the per cent deviation is small for large values of F 

F(H,8,)/16 

The dark side of a variable temperature p lmet  is  essentially i n  
thermal equilibrium; therefore, the heat emitted can be derived from the rela- 
t ions that  are applicable t o  a constant temperature planet. 

The emissive power i s  

4 E = "Tm (B-32 ) 

where T, is  the dark side or minimum temperature of the planet. Combining 
Eqs. (B-32), (B-9), (B-10) and (33 - l l )  and integrating gives 

14 

12 

"0 10 
c 
x 
m 

8 8  4 
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z 
P 
6 6  
0 
z' 
0 
" 4  

3 

2 

0 

F2! fiHt*) 
16 

30 40 50 60 70 
8 1 ,  DEGREES 

10 20 

Fig. B-5 - Configuration Factors: Approximate 
and Numerical Solutions Compared 
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where 

# C (dark side of planet) %bet 

h n e t  = 20T.i%Fl , Tp # C (dark side of planet) 
4m: 

(B-33a ) 

(B-33b ) 

( B - 3 3 ~  ) 

The heat impinging on the sphere i s  

qplmet = 8oTmF1 4 , Tp # C (dark side of planet ) (B-33d) 
A, 

3. Albedo heat flux, spinning vehicle: Solar radiation ref lects  
diffusely frm ce les t ia l  bodies; therefore, the equations derived t o  express 
planetary diffuse thermal emission can be modified t o  be applicable t o  albedo 
calculations. The heat reflected from different ia l  element % g/(see Fig. 
B-3) and absorbed by 4. i s  given by the familiar relationship 

(B-34 ) 

where E is the element's effective emissive power 

E = SR cos j3 (B-35 ) 

Combining Eqs. (B-34) and (B-35), le t t ing 
grating gives 

eS = 1 , simplifying, and inte- 

Albedo includes so la r  energy bounced or scattered from the atmosphere abwe 

dAp as well as that  reflected f rom the planet surface element. 
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(B-36 ) 

Introducing the approximation cos F e cos 8, (see discussion pre- 
ceding Eq. (B-29 ) ) ,Eq. (B-36 ) beccanes 

2 
%bedo = sR ‘Os *s (B-37 ) 

The above integral term w a s  evaluated i n  Eq. (B-22). Substituting Eq. (B-22) 
i n to  Eq. (B-37) gives 

= 8 SR asF2nrv 2 (B-38a ) %bedo 

2 SR asF2 2 
4mv 

(3-3%) 

where 

( B - 3 8 ~  ) 

The albedo heat r a t e  per un i t  area impinging on the spherical vehicle is  

(B-38d) 
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4. Planet heat flux, oriented vehicle, variable planet temperature: 
Equations that express the amount of thermal radiation received by a f l a t  ele- 
ment in space can be developed fk.m the general relationship, Eq. (B-7). 
derivations are similar t o  those for  a sphere; however, the plate is  not neces- 
s a r i l y  symmetrical with respect t o  the satell i te-planet l ine  and, consequently, 
i t s  orientation is  relatively d i f f i cu l t  t o  define. 
flat plate element shown i n  Fig. B-6 from a planet of variable surface tempera- 
ture  is 

The 

The heat absorbed by the 

Substituting cP = 1 and E = S(1-R) cos B (see Eq. (B-13)) into the 
above equation and integrating yields 

VEHICLE ELEMENT 
A 

NOTE: THE S U N  - PLANET - VEHICLE PLANE 
LIES IN THE PLANE OF THE PAGE PLANET 

\ 

Fig. B-6 - Geometry for  Determining Heat between 
Planet and Vehicle Element 
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Ballinger numerically integrated an equation similar t o  that  above and from 
his  work the following equality was developed 

where H is vehicle a l t i tude and the parameters 8,, pC , and c are i l lus -  
t ra ted i n  Mg. B-7. Values of F3 a6 a function of the four independent vari- 
ables have been calculated and tabulated. 
vestigated and established by hand calculations for numerous special cases and 
for two geaeral cases. 
American Aviation personnel who had, respectively, developed and used the data 
revealed no irregularit ies.  Combining Eqs. (B-40) and (B-41) gives 

The validity of the table was in- 

Further, a check w i t h  Convair Astrodynamics and Ncrrth 

%&net = s ( ~ - R ) ~ F ~ A ~  , T~ f c (B-42a ) 

SUN - PLANET LINE\  

/ PLANET - VEHICLE LINE 

I A 

ELEMENT VECTOR 

VEHICLE ELEMENT 
Fig. B-7 - Angular  Variables for Determining Configuration 

Factors of Oriented Vehicles 
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where values of F3 are found by table look-up. The planet heat rate per unit 
area impinging on the f la t  plate i s  

b- - S(1-R)Fs  , Tp # C 
4r 

( B - 4 2 ~ )  

5. Planet heat flux, oriented vehicle, constant planet temperature: 
The emissive power of a planet of uniform temperature i s  independent of 
E = S(l-R)/4 as given in Eq. (B-31) .  Substituting this expression for E in to  
Eq. (B-39)  and integrating gives 

P : 

Comparing Eqs. ( B - 4 1 )  and (B-43)  it can be seen that 

Introducing the approximation t h a t  cos B ~ c o s  8, , which was 
t o  have a negligible effect  on accuracy, the integral  becomes 

Combining Eqs. (B-45)  and (B-43)  gives 

(B-43 ) 

ds, 0 3 - 4 4 )  

previously shown 

(B-45 ) 

(B-46a ) 

~ 

(B-46b) ~ 

~ 
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where values of F4 are found by table look-up and are the same as F3 except 
one of the independent variables i s  treated as  a constant: 
pinging heat r a t e  is  

8, = 0 . The im- 

(B-46~)  

The d rk s i d  of a variable temperature planet is essent ia l ly  i n  
thermal equilibrium; therefore, the heat emitted can be derived from the equa- 
t ions that are applicable t o  a planet of uniform temperature. 

Substituting the emissive power (E = dm) of the  element sham i n  
Fig. B-6 into Eq. (B-39), integrating, and introducing the equality given i n  
Eq. (B-45 ) gives 

lanet = cfl':a$'* , Tp # C (dark side of planet) 
A, 

where F4 is found by table look-up (see Eq. (B-46b)). The incident heat rate 
i s  

lanet 4p = dpmFa , Tp f C (dark side of planet)  
4. 

(B-47~) 

6. Albedo heat flux, oriented vehicle: The solar heat reflected 
from % and absorbed by 4 , shown i n  Fig. 3-6, i s  
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Substituting the planet element's effective emissive power given i n  Eq. (B-35), 
l e t t w  cS = 1 , simplifying, and integrating gives 

(B-49) 

The above definite integral  is  expressed i n  Eq. (B-41). 
are found by combining Eq. (B-41) andEq. (B-49). 

The desired relations 

%lbedo = sRasF3% (B-503) 

(B-50b) 

where F3 i s  found by table look-up (see Eq. (B-41)). The impinging albedo is  
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APPENDIX c 

DISCUSSION OF PRACTICAL 1I"EGRATION STEP-SIZE 

The only feasible method t o  increment t i m e  i n  the numerical integra- 
t ion  of the governing temperature equation is  t o  increment the t rue anomaly and 
cmpute the corresponding change i n  time (see p. 32). 
expressed mathematically as  

This procedure is 

and 

where A@ is a constant. 

Since the analysis i s  applicable t o  a l l  planetary orbits, the magni- 
tude of depends not only on A$ , but also upon variables such as orbit 
eccentricity and semimajor axis, vehicle position i n  orbit, and the planet 
being orbited. T h i s  deTendence is i l lustrated by comparing times corresponding 
t o  a fixed true anomaly for three earth sa te l l i t es .  For A$ = lo, A t  is  
0.3 min. for the Explorer which was put into a low circular orbit, 4.0 min, for  
Syncan which i s  i n  a large circular orbit, and varies f r m  abaut 0.3 t o  10.0 
min. for EGOwhich is  i n  a large, eccentric orbit ,  These widely varying times 
are one reason why it i s  necessary t o  refer  t o  the length of the integration 
interval i n  terms of practicali ty rather than as a fixed & . 

There are three conditians tha t  can make the integration interval 
impractical. Two of these axe controlled by the program. The conditions and 
their  control are described belaw: 

1. At,+, can be so large that the one-step truncation error tem- 
porasily influences the accuracy of the integration. 

To minimize computation time the interval should be large as 
d2T/dt* approaches zero, and t o  insure an accurate solution the interval 
should be sntell as d2T/dt2 becomes large. This philosophy is  expressed 
mathematically as 
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The increment, A t '  i s  calculated from t h i s  equation. 1' 

2. 
reached and vastly exceeded within one interval thus causing the solution t o  
be unstable. 

can be so large tha t  the equilibrium temperature is 

This condition occurs if  d!T/dt >> 1 which could be caused by the 
vehicle skin having negligible heat capacity (pCph +O) or by an unrealist ic 
i n i t i a l  temperature, To . The time increment, At; , required t o  reach equi- 
librium temperature i n  one interval is  calculated. 

The intervals At; , At; , and Atn+l are compared and the smallest 
value is selected and used t o  numerically integrate the appropriate tempera- 
ture equation. If the program subdivides the time increment Atn+l in to  two 
or more values, A t '  , the entire procedure is  repeated i n  steps u n t i l  
E h t '  = Atn+l . 

A thi rd impractical interval exists i f  A$ is so large tha t  the 
assumption of constant heat fluxes within the interval i s  absurd. 
w i l l  not use t i m e  increments that are larger than those computed from the value 
of A@ i n  the input data; therefore, the program user must exercise same judg- 
ment i n  choosing A$ so  tha t  it is small enough t o  be meaningf'ul but large 
enough t o  allm f a s t  computation speed. 

The program 

M R I  has found f r a m  i ts  experience that  A$ = 10" is  a reasonable 
value t o  use i n  the input data. 
the running speed noticeablywhile larger values have produced inaccuracies 
in the resul ts  due t o  the "constant heat flux" assumption being absurd. 

Significantly smaller values have increased 
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fo r  

Final Report : "Orbiting Satel l i te  Surface Temperature Prediction and 
Analysis," by Finch e t  al. 

1. Change 8 t o  4 i n  t he  folluwing expressions: Eqs. (lfiand (18bT 
/ 

p. 267 Eq.-(B-lGc), p. 56; FQ. ( B - 3 K p .  60; Eq. ( B - 3 3 c M .  62; 
and Eq. ( B - M  p. 63. 

2. C h a n g e  16 t o  8 i n  the following expressions: Eq. ( 1 K p .  26 and 
FQ. (Z31fp. 60. 

c/ 
3. 

4. Change FQ. (B-22), p. 57 to: 

Change - 4 t o  - 2 i n  Eq. (B-23), p. 57. 
/ 


